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Abstract.  The  reaction  of  Li+  C,/(Ch1)^”,  CoClC.,  and  Na+ (CH.J 

-  b  3  b^;  2  3  z  2  4  b  *.j 

in  cold  THF  forms  primarily  closo-1, 2 , 3-  [.n^-Cg (CH'^)  ^iCo  (CH'3)  2C2B4H4 

(I) ,  the  triple-decker  complex  1,7,2,3-tn  -Cg (CH^) _] 2co2 (CH.^) 2C2B3H3 

(II) ,  a  structurally  novel  complex,  [n5-Cg (CH^) g ] 2co3 (CHg)  4c4BgH7  (III), 
and  traces  of  other  products,  in  a  combined  isolated  yield  of  *'■'50%. 
Complexes  I  and  II  are  Cg(CH3)g  analogues  of  CgHg-substituted  cobalta- 
carboranes  reported  earlier,  but  III  has  no  previous  counterpart.  An 

X-ray  diffraction  study,  of  III  disclosed  a  structure  consisting  of 

5  •  „  .  a. 

two  identical  [n  — CK  (CH,)  ]Co  (CH,)  _C'_B  .H  units  face-coordinated  to  a 
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third  cobalt  atom,  with  a  direct  B-B  bond  [1.758(5)  A]  between  the 
two  ligands;  the  linked  boron  atoms  have  no  terminal  hydrogen  atoms 
in  the  solid-state  structure.  The  "extra"  hydrogen  atom  was  not 
directly  located,  but  its  general  position  was  indicated  by  a  3.5^>*  . 
fold  in  the  molecule  which  creates  a  larger  inter-ligand  pocket  on 
one  side  than  the  other.  In  the  crystal,  the  unique  hydrogen  is  pro- 
posed  to  reside  in  the  larger  pocket  (in  the  vicinity  of  the  central 
cobalt  atom)  ,  but  ^B  and  FT  NMR  and  infrared  evidence  indicates 
that  in  solution,  this  hydrogen  atom  tautomerizes  between  equivalent 


terminal  positions  on  the  (formerly)  linked  boron  atoms  on  the  two 
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ligands ,  with  cleavage  of  the  B-B  link.  Possible  mechanisms  and 
stereochemical  implications  of  the  structure  and  fluxional  behavior 


of  III  are  presented.  The  chemistry  of  complex  I  resembles  that  of 

r 

its  C,.H_-substituted  counterpart;  thus,  degradation  of  I  in  basic 

CH3CN  produces  nido-1, 2, 3- t^5-Cg (CH3) £ ]Co (CH^) in  93%  yield. 

Crystal  data  for  Ills  space  group  PT,  Z  =  2,  a  =  8.555(2),  b  = 

o  _ 

12.599  (2),  c  =  16.268  (9)  A,  a  =  102.76  (4)  ,  6  =  92.71(3)°,  Y  = 
o  03 

99.15(4)°,  V  =  1682  A  ,  R  =  0.073  for  the  3739  reflections  for  which 

F  2  >  3ff*(F  2). 

o  o 
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The  extraordinary  richness  of  polyhedral  borane  chemistry  is 
evident  from  the  seemingly  unlimited  variety  of  structural  features 
and  bonding  modes  that  have  been  found,  with  new  ones  continually 
being  discovered.  In  addition  to  the  many  kinds  of  known  polyhedral 
cage  structures,  numerous  types  of  direct  bonding  between  polyhedra 
have  been  established;  indeed,  ten  distinguishable  modes  of  inter- 
polyhedral  linkage  in  established  compounds  have  been  cited  by 
Lipscomb3'  (if  one  also  includes  polyhedra  connected  by  bridging  atoms 
such  as  mercury,  silicon,  or  tin,  the  list  is  even  longer). 

In  this  paper  we  describe  a  stereochemical  phenomenon  in¬ 
volving  linked  borane  cages,  in  which  there  are  two  aspects  of 
interest:  a  novel  solid-state  molecular  geometry,  and  a  curious  form 
of  fluxional  behavior  in  solution  which  we  believe  implies  reversible 
inter-polyhedral  boron-boron  bond  formation.  These  findings  resulted 
from  the  serendipitous  isolation  of  a  by-product  in  the  preparation 

of  the  closo-carborane  1, 2 , 3- [r|5-Cc  (CH0)  c  )Co  (CH-)  _C_B,H . .  In  the 

5  35  32244 

course  of  this  routine  synthesis  (which  was  based  on  the  earlier 
2 

preparation  of  the  corresponding  cyclopentadienyl  species  1,2,3- 
(n5-C5H5)Co(CH3)2C2B4H4  from  2, 3- (CH3) 2C2b4h5"  ion,  CoCl2,  and  NaC5H5) , 
the  new  compound  [n^-Cg (CH3) 2Co3 (CH3) 4C4BgH^  was  obtained  as  a  dark 
red,  air-stable,  crystalline  solid  and  subsequently  characterized  by 
spectroscopic  and  X-ray  diffraction  techniques.  We  report  here  the 
structural  investigation  of  this  complex  as  well  as  the  synthesis  and 

5 

characterization  of  other  n  -pentamethylcyclopentadienylcobalt  com¬ 


plexes  isolated  from  this  reaction 


Materials.  2,  3-Dimethyl-2 , 3-dicarbahexaborane (8) ,  (CH3)  2C2  B^Hg, 
was  prepared  from  B^Hg,  (CH3)2C2,  and  (C2Hg)3N  as  described  elsewhere 
Pentamethylcyclopentadiene  (Alfa)  was  used  as  received,  and  all 
other  chemicals  were  reagent  grade.  Hygroscopic  metal  salts  were 
dried  at  high  temperature  in  vacuo  and  tetrahydrofuran  (THF)  was 
rigorously  dried  over  LiAlH^  prior  to  use.  N-Butyllithium  was 
obtained  from  Alfa  as  a  hexane  solution  and  determined  to  be  1.8  M 

4 

by  the  method  of  Silveira  et  al.  Sodium  hydride  (50%  in  mineral 
oil,  Alfa)  was  washed  with  pentane  prior  to  use.  Column  chromato¬ 
graphy  was  conducted  with  silica  gel  60  (Merck) ,  and  thin  layer 
chromatography  (TLC)  was  performed  on  precoated  plates  of  silica  gel 
F-254  (Brinkmann  Instruments,  Inc.) 

Instrumentation .  11B  (32  MHz)  and  1H  (100  MHz)  pulse  Fourier 

Transform  NMR  spectra  were  recorded  on  a  JEOL  PS-100P  spectrometer 
interfaced  to  a  JEOL-Texas  Instruments  computer  system.  Broadband 
heteronuclear  decoupling  was  employed.  ^H  NMR  (90  MHz)  spectra  and 
some  single- frequency  homonuclear-decoupling  experiments  were  per¬ 
formed  on  a  Varian  EM- 390  NMR  spectrometer.  Unit- resolution  El 
mass  spectra  were  obtained  on  a  Hitachi  Perkin-Elmer  RMU-6E  mass 
spectrometer.  Unit  resolution  Cl  mass  spectra  were  recorded  on  an 
A.E.I.  MS-902  double-focusing  instrument  equipped  with  an  SRI 
chemical  ionization  source.  Infrared  spectra  were  obtained  on  a 
Beckman  IR-8  spectrometer.  Preparative-scale  high  pressure  liquid 
chromatography  (HPLC)  was  performed  on  a  Waters  Prep-500  instrument 
with  pre-packed  silica  gel  columns  and  a  refractive  index  detector. 


Under 


Reaction  of  Li  CgtCH^),.",  Na  (CH^)  ^C^B^H,.** ,  and  CoCl,,. 
an  atmosphere  of  dry  nitrogen,  pentamethylcyclopentadiene  [C5  (CH^JgH, 
1.20  g  (8.8  mmol)]  was  dissolved  in  10  ml  of  hexane  (dried  over 
molecular  sieve)  in  a  two-neck  round  bottom  flask  in  an  ice  bath. 

To  this,  4.2  ml  of  1.8  molar  n-butyl  lithium  in  hexane  (7.6  mmol) 
was  added  via  a  syringe  over  a  period  of  20  min,  producing  a  lemon 
yellow  slurry.  This  mixture  was  magnetically  stirred  and  allowed  to 
warm  to  23°C  over  a  period  of  3  hr.  The  flask  was  then  attached, 
under  N2,  to  a  vacuum  line  below  a  tip-in  sidearm  flask  (containing 
5.8  mmol  NaH) ,  a  medium  glass  frit,  and  Teflon  stopcock.  A  tip-in 
sidearm  containing  1.541  g  of  dry  CoCl2  (11.9  mmol)  was  also  con¬ 
nected  to  the  flask  containing  the  C,.(CH3)5_  anion,  after  which  the 
system  was  evacuated  to  remove  the  hexane.  The  stopcock  was  closed, 
4.1  mmol  of  (CH^^C^B^Hg  and  35  ml  THF  were  condensed  onto  the  NaH 
in  the  upper  tip-in  flask  at  -196°C,  and  the  flask  was  allowed  to 
warm  to  23°C  over  a  period  of  1  hr,  generating  H2«  After  re-cooling 
to  -196°C  to  remove  H2,  the  reactor  was  again  warmed  to  23°C.  The 
Na+ (CH3) 2c2B^Hg  solution  was  filtered  onto  the  Li+C,.  (CH^) salt  and 
quickly  frozen  at  -196°C.  The  CoCl2  was  added  to  the  mixture,  the 
solution  was  warmed  to  0°C  (turning  dark  green)  and  then  to  23°C 
(turning  dark  brown)  with  gas  evolution.  The  mixture  was  stirred  in 
vacuo  for  45  min,  air  was  admitted  to  the  system  (with  no  apparent 
reaction)  and  stirring  was  continued  for  another  15  min.  The  THF 
was  then  partially  removed  by  rotary  evaporation  to  give  a  thick 
brown  slurry.  To  this,  50  ml  of  0.5  molar  aqueous  HC1  was  added  and 
the  mixture  was  stirred  for  20  min  to  give  a  chocolate  brown  suspen- 


sion.  This  material  was  extracted  3  times  with  50  ml  CH2C12  in  a 
separatory  funnel  to  form  a  brown  organic  phase  and  a  light  pink 
aqueous  phase.  The  organic  phase  was  rotary-evaporated  to  a  thick 
slurry,  a  small  quantity  of  silica  gel  was  added  to  form  a  trans¬ 
ferable  sludge,  and  the  material  was  loaded  onto  a  14  x  2  cm  silica 
gel  column  packed  in  hexane.  The  column  was  eluted  with  50  ml 
portions  of  0%,  10%,  20%,  30%,  40%,  and  50%  CH2C12  in  hexane,  then 
with  100  ml  Cf^Cl^,  and  finally  with  50  ml  acetone.  A  large  red- 
brown  band  was  eluted  at  30-50%  CH2C12  in  hexane  and  further  purified 
as  described  below.  The  more  polar  fractions  were  rotary-evaporated 
to  dryness  and  analyzed  by  TLC  in  1:1  CH2Cl2/hexane.  This  gave  an 
orange  triple-decker  complex,  1, 7 , 2 , 3- ln5-C_ (CH0) . ] _Co_ (CH-) 

D  6  O  2  2.  o  z  2  J  J 

(II;  (26  mg,  1.4%  yield,  Rf  =  0.53,  parent  m/e  =  478),  a  trace  of  a 
second,  brown  isomer  of  that  species  (Rf  =  0.80),  and  small  quantities 
of  other  products  that  were  not  identified.  The  red-brown  mixture 
(  ~  1  g)  was  separated  via  preparative-scale  HPLC  using  20%  CH2C12  in 
hexane,  giving  red  and  orange  fractions  whose  retentions  were  1.2 
and  1.5  column  volumes,  respectively.  Purification  of  these  fractions 
via  preparative  HPLC  gave  orange  1, 2 , 3- ( n5-C5 (CH3) 5]Co (CH3) 2C2B4H4  (I) 
[540  mg  (44%  yield),  R^  =  0.1  in  hexane,  HPLC  retention  =  7  col. 
volumes  in  hexane,  m.p.  192°C,  parent  m/e  =  296],  and  red  [n^- 
C5 (CHj) 5) 2co3 <CH3> 4C4BgH7  (III)  (Rf  =  0.6  m  hexane,  HPLC  retention  = 
2.4  col.  volumes  in  5%  CH2Cl2/hexane,  parent  m/e  =  650  (see  below), 
m.p.  >  300°C) .  The  isolated  yield  of  III  was  30  mg  (2.2%)  following 
considerable  loss  of  material  due  to  its  rapid  decomposition  on 
silica  (it  is  otherwise  stable  in  air).  Indications  are  that  III  is 
actually  formed  in  much  higher  yield  in  the  reaction. 
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Nido-1,2, 3-[n5-C:  (CH3)  31Co(CH.,)  ^..BJI..  (IV)  .  A  382  mg  (1.29  mmol) 

sample  of  I  was  dissolved  in  15  ml  of  CH3CN,  10  ml  of  0.6  M  NaOH 

was  added  and  vigorously  stirred.  The  reaction  was  monitored  by 

spot  TLC ,  and  after  two  days  was  terminated  by  extraction  of  the 

products  with  three  20  ml  CH2C12  portions  in  a  separatory  funnel. 

The  extracts  were  combined,  rotary-evaporated  to  dryness,  and  the 

yellow  residue  was  loaded  onto  a  15  x  2  cm  silica  gel  column  packed 

in  hexane.  Elution  with  hexane  gave  yellow  1,2, 3—  t n  -C5  (CH3),-]Co(CH3)2 ^ 

C2B3H5  (IV)  (224  mg,  93%  yield,  m.p.  190°C,  Rf  =  0.6  in  hexane), 

and  elution  with  1:1  Cf^C^/hexane  gave  130  mg  of  I.  Compound  IV, 

5  2 

unlike  its  cyclopentadiene  analog  (n  -C,-H5)Co  (CH3)  2C2B.jH,.,  decom¬ 
poses  slowly  (hours)  on  silica  gel  plates.  Trace  amounts  of  darker 
compounds  were  subsequently  eluted  but  were  not  investigated  further. 
The  unit  resolution  mass  spectrum  of  IV  shows  a  high-mass  cutoff  at 
m/e  =  286  with  facile  hydrogen  abstraction. 

X-ray  Structure  Determination  on  [  (n^-C^  (CH3 )  g  ]  2Co3  (CH3)  ^C^BgH-y 
(III) .  Large  single  crystals  of  III  were  grown  by  slow  evaporation 
at  room  temperature  from  the  HPLC  eluent  (20% 

CH2C12  in  hexane.)  A  large  crystal  was  cut  in  three  sections,  one  of 

which  was  mounted  on  a  glass  fiber  in  an  arbitrary  orientation  and 

examined  by  preliminary  precession  photographs  which  indicated 

acceptable  crystal  quality.  Crystal  data  follow:  Co3C28B8H49 1 

molecular  weight  648.99;  space  group  PT,  Z  =  2;  a  *  8.555(2),  b  = 

o  o 

12.599(2),  c  =  16.268(9)  A,  a  =  102.76(4)  ,8=  92.71(3),  t  -  99.15(4)°, 

°3  -1 

V  =  1682  A  ,  y (MoK*)  =  15.4  cm  ,  p (calcd)  =  1.281  g  cm-3.  Crystal 
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dimensions  (mm  from  centroid):  (001)  0.22,  (00T)  0.22,  (100)  0.22, 
(TOO)  0.22,  (011)  0.29,  (Oil;  0.29,  (OlT)  0.32,  (Oil)  0.32. 

For  this  crystal  the  Enraf-Nonius  program  SEARCH  was  used  to 
obtain  25  accurately  centered  reflections  which  were  then  used  in 
the  program  INDEX  to  obtain  an  orientation  matrix  for  data  collec¬ 
tion  and  to  provide  approximate  cell  dimensions.  Refined  cell 
dimensions  and  their  estimated  standard  deviations  were  obtained 
from  28  accurately  centered  reflections. 

The  mosaicity  of  the  crystal  was  examined  by  the  o> 
scan  technique  and  judged  to  be  satisfactory.  The  absence  of  any 
indications  of  higher  symmetry,  together  with  chemical  and  spectro¬ 
scopic  information  on  the  molecule,  dictated  the  space  group  PI; 
this  was  eventually  confirmed  by  the  successful  solution  and  refine 
ment  of  the  structure. 

Collection  and  Reduction  of  the  Data.  Diffraction  data  were 
collected  at  295°K  on  an  Enraf-Nonius  four-circle  CAD-4  diffracto¬ 
meter  controlled  by  a  PDP8/M  computer  using  MoKa  radiation  from  a 
highly  oriented  graphite  crystal  monochrometer.  The  a>  scan  techniqu 
was  used  to  record  the  intensities  of  all  reflections  for  which 
1.4° <  20 <  46°.  Scan  widths  were  calculated  from  the  formula  SW  = 

(A  +  BtanG) ,  where  A  is  estimated  from  the  mosaicity  of  the  crystal 
and  B  compensates  for  the  increase  in  the  width  of  the  peak  due  to 
Ka^  -  Ka2  splitting.  The  values  of  A  and  B  were  0.60  and  0.35, 
respectively.  The  calculated  scan  angle  was  extended  at  each  side 
by  25%  for  background  determination  (BG1  and  BG2) .  The  net  count 
(NC)  was  then  calculated  as  NC  =  TOT-2 (BG1  +  BG2) ,  where  TOT  is  the 


estimated  peak  intensity.  Reflection  data  were  considered  insigni¬ 
ficant  if  intensities  registered  less  than  ten  counts  above 
background  on  a  rapid  prescan,  such  reflections  being  rejected 
automatically  by  the  computer. 

The  intensities  of  four  standard  reflections,  at  100  reflection 
intervals,  showed  no  greater  fluctuations  during  the  data  collection 
than  those  expected  from  Poisson  statistics.  The  raw  intensity 
data  were  corrected  for  Lorentz-polari zation  effects  and  then  for 
absorption  (minimum  transmission  factor  0.72,  maximum  0.85),  re¬ 
sulting  in  4823  reflections  for  which  3739  had  F  ^  >  3o IF  “). 

o  o  » 

2 

where  a (F  )  was  estimated  from 
o 

5 

counting  statistics  ( p  =  0.03)  .  Only  these  latter  data  were  used  in  the 
final  refinement  of  the  structural  parameters. 

Solution  and  Refinement  of  the  Structure.  Full-matrix  least 
squares  refinement  was  based  on  F,  and  the  function  minimized  was 
fw ( i FQ I  -  lFcl**  The  weights  w  were  taken  as  [2F0/c?(Fo  )]  ,  where 
j F  t  and  i Fc I  are  the  observed  and  calculated  structure  factor 
amplitudes.  The  atomic  scattering  factors  for  nonhydrogen  atoms 
were  taken  from  Cromer  and  Waber,^  and  those  for  hydrogen  from 
Stewart,  et  al.^  The  effects  of  anomolous  dispersion  for  all  non¬ 
hydrogen  atoms  were  included  in  F  using  the  values  of  Cromer  and 
Ibers^  for  Af'  and  Af". 

The  positions  of  the  three  cobalt  atoms  were  determined  from  a 
three-dimensional  Patterson  map  calculated  from  all  the  intensity 
data.  The  intensity  data  were  phased  sufficiently  well  by  these 
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positional  coordinates  to  permit  location  of  the  remaining  non¬ 
hydrogen  atoms  from  Fourier  difference  syntheses.  Some  positional 
disorder  was  observed  in  the  C,.(CH2),.  rings,  but  the  disordered 
positions  could  not  be  adequately  established,  and  in  any  case  con¬ 
tributed  little  to  the  overall  scattering.  This  disorder  is  un¬ 
important  in  terms  of  the  interesting  structural  features  of  the 
molecule  and  was  therefore  not  pursued  further.  Anisotropic 
temperature  factors  were  introduced  for  all  the  nonhydrogen  atoms 
and  subsequent  Fourier  difference  functions  revealed  terminal 
hydrogens  on  six  of  the  eight  boron  atoms  (see  discussion  below) 
and  one  hydrogen  on  each  of  the  carboranyl  methyl  groups.  The 
positions  of  the  remaining  hydrogens  on  each  carboranyl  methyl 

group  and  on  several  CL  (CHJ  methyl  groups  l see  last  nine  atoms  in  Table  IV)  were 

all  hydrogens 

calculated,  and^were  included  in  the  refinement  except  during  the  last  three  cycles  . 

There  are  no  intermolecular  contacts  (nonhydrogen)  less  than  3.68  A.  The 

estimated  standard  deviation  of  unit  weight  was  4.7.  The  model 

converged  with  R  =  0.0  73  and  Rw  =  0.091,  where  R  =  Z||Foi  -  |FcI|/£|Fq 

and  R  =  (ow(If  |  —  j  F  1  )  2/Ew  j F  j  2 ) A  final  Fourier  difference 
w  o  c  o 

.ap  was  featureless.  Tables  of  the  observed  and  calculated  structure 
factors  are  available  (see  paragraph  at  end  of  paper  on  supplementary 
material).  The  computing  system  and  programs  are  described  elsewhere. 

Results  and  Discussion 

Synthesis  of  (Pentamethylcyciopentadienyl) cobalt  Metalla- 

carboranes .  The  reaction  of  CgHg”,  2 , 3- (CHj) 2C2B4H5“ ,  and  CoCl2  in 

2 

THF,  described  several  years  ago,  produces  mainly  closo-1,2,3- 
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(^5-C5H5)Co  (CH3) 2C2B4H4 ,  an  orange,  air-stable  pentagonal- 
bipyramidal  species  in  which  cobalt  occupies  one  apex  and  the 
framework  carbon  atoms  are  in  adjacent  equatorial  vertices.  When 
the  workup  is  conducted  in  1  M  aqueous  HC1,  the  yield  of  this  com¬ 
plex  is  68%,  and  only  minor  amounts  of  other  cobaltacarboranes 
[closo-l,7,2,3-(»?5-C5H5)2Co2(CH3)2C2B3H3  and  nido-1,2,3- 

(*?5-CcHc  )  Co  (CH_ )  ]  are  obtained;  similar  results  have  been 

DD32235  2 

obtained  with  the  parent  C2B4H^*'  ion  and  the  2-CH3C2B4Hg  derivative. 

In  the  present  investigation,  the  analogous  reaction  was  ex¬ 
amined  with  (CH3 ) ^  ion,  since  recent  work  in  our  laboratory"^  has 
shown  that  cobaltaborane  syntheses  in  which  the  C5(CH3)5~  ion  is 
employed  give  notably  different  products  from  those  obtained  with 
C5H5“.1;L  Addition  of  CoCl2  to  a  solution  of  Li+C5(CH3)5~  and 
Na+ [2, 3- (CH3) 2C2B4H5~]  in  cold  THF  followed  by  workup  in  air  and 
treatment  with  aqueous  HC1  gave  several  products  which  were  isolated 
by  plate  and  column  chromatography.  Boron-11  and  proton  FT  NMR  data 
of  the  products  are  presented  in  Tables  I  and  II  and  Figures  1  and  2, 
and  infrared  absorptions  are  listed  in  Table  III.  As  expected,  the 
major  product  (44%  yield)  was  closo-1, 2,  3-[n5-C3  (CH3>  ,-]Co  (CH3)  2C2B4H4  (I), 
an  orange,  air-stable  solid  (m.p.  192°C)  ,  whose  ^B  and  ^"H  FT  NMR 

2 

spectra  closely  resemble  those  of  its  C^H^-substituted  counterpart. 

Minor  products  included  a  triple-decker  complex,  closo-1, 7 , 2 , 3- 

5 

(n  -Cj.  (CH3)  ^ ]  2Co,(CH3)  2C2B3H3  (II),  also  characterized  spectroscopically, 

and  another  (unidentified)  isomer  of  that  species.  The  cyclopenta- 

dienyl  analogue  of  II,  1, 7, 2, 3- (n5-C5H5) 2Co2 (CH3) 2C2B3H3,  has  been 

2 

described  previously. 
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In  contrast  to  the  C^Hg  reaction,  no  nido  product  (i.e., 

[ n 5— C5  (CH3) 5]Co(CH3) 2C2B3H5)  was  obtained;  this  was  subsequently 

explained  by  the  much  higher  resistance  to  cage  degradation  of  com- 

2 

pound  I  as  compared  to  its  CgHg  analogue.  Thus,  closo-1,2,3- 

^ n5-C5Hg)Co (CH3) 2C2B4H4  is  converted  in  80%  yield  to  nido- 

5  12 

(0  -CgHgJCo (CH^) 2C2B3Hg  in  2  hr  on  treatment  with  strong  base, 

but  closo-l,2,3-[n5-C5  (CH3)5]3 

Co (CH3) 2C2B4H4  (I)  required  two  days  for  conversion  to  the  yellow 
nido- [n^-C5 (CH3) g]Co (CH3) 2C2B3Hg  (IV)  by  concentrated  NaOH  (see 
Experimental  Section) . 

Of  principal  interest,  however,  was  the  isolation  of  a  new  product 

characterized  as  ( n5-C,.  (CHg)  5  J  2Co3  (CHg)  4C4BgH7  (III).  This  compound, 

a  red  air-stable  solid  which  does  not  melt  below  300°C,  has  no 

-  2 

detectable  counterpart  in  the  corresponding  CgHg  reaction.  The 
compositional  and  structural  peculiarities  of  III  quickly  became 
apparent,  as  described  in  the  following  section. 

Structural  Characterization  of  [n^-C,.  (CH,) ]  „Co,  (CH.,)  .C,B„H.,  (III). 
- - - — - 5 - 3—5—2 - 3 - 3— 4— 4— 8— 7 - 

Both  the  electron-impact  and  chemical  ionization  (argon-water  or 

isobutane)  mass  spectra  of  III  exhibit  a  sharp  parent  cutoff  at  m/e 

650,  corresponding  to  5^Co312C2gi^Bg1H4g+ .  The  parent  group  profile 

in  the  Cl  spectra  is  closely  consistent  with  the  presence  of  eight 

boron  atoms  (subsequently  confirmed  by  ^B  NMR  and  X-ray  diffraction 

evidence),  while  the  El  spectrum  indicates  substantial  hydrogen  loss. 

The  molecular  weight  of  650  was  puzzling  since  this  implied  only  seven 

nonmethyl  hydrogen  atoms,  one  less  than  the  number  of  borons.  If  the 

molecule  consisted  of  two  [n5-Cc  (CH,) c JCo111  (CH,) .C.B.H  2~  moieties 

5  35  32244 
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comp  lexed  to  a  common  CoJ+  unit,  an  additional  proton  would  be  re¬ 
quired  for  electroneutrality,  corresponding  to  a  composition  of 
{ [C,.  (CH^)  ^jCo111  (CH^i  / 2C°IIIh»  mw  652;  such  a  species  would 

contain  two  8-vertex  closo  polyhedra,  each  having  18 

13 

skeletal  electrons  in  conformity  with  the  skeletal  electron- 
14 

counting  rules.-  As  noted,  however,  the  molecule  actually  falls 

short  of  this  "idealized"  composition  by  two  hydrogens,  and  hence  by 

arc  2CC- 

two  electrons  In  addition,  the  100-j^MHz  h  FT  NMR  spectra  exhibit 

no  signal  m  the  high-field  region  tea.  -5  to  -20  own)  expected  for 

11  1 

a  Co-H  proton.  The  B  and  H  spectra  do,  however,  indicate  high 
symmetry . 

In  order  to  resolve  the  structural  ambiguities,  an  X-ray 
diffraction  study  of  III  was  undertaken.  The  molecular  geometry 

5 

(Figs,  3-5  and  Tables  IV-VII)  does  indeed  consist  of  two  In  - 

Cj.  (CH^)  ^  j'Co  (CH^)  2C2B4  units  fused  to  a  common  cobalt  atom,  but 

also  contains  a  striking  and  unexpected  feature:  the  two  polyhedral 

o 

cages  are  directly  linked  by  a  boron-boron  bond  (1.75815)  A]  which 
is  shorter  than  any  other  B-B  bond  in  the  structure;  moreover,  the 
two  linked  borons  both  lack  terminal  hydrogen  atoms.  That  the 
absence  of  terminal  hydrogens  on  B 1 8 )  and  B(8’)  is  real,  and  does 
not  simply  reflect  a  failure  to  locate  these  atoms  from  the  X-ray 
data,  is  clear  from  the  following  evidence:  (1)  the  terminal 
hydrogen  atoms  on  all  other  boron  atoms  in  the  molecule  were  easily 
located  from  difference  Fourier  maps  in  early  stages  of  refinement, 
yet  none  ever  appeared  on  B(8)  or  B(8M;  and  12)  introduction  of 
hydrogen  atoms  into  various  calculated  positions  in  the  vicinity  of 
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B(8)  and  B ( 8 ’ )  failed  to  refine  successfully  and  did  not  lower  the  R 
factor.  In  addition,  the  fact  that  B(8)  and  B(8')  are  directly 
bonded  correlates  well  with  the  absence  of  terminal  hydrogens;  if 
such  hydrogens  were  present,  there  would  be  no  discernible  reason 
for  the  cages  to  form  a  B-B  link.1"* 

Given  that  the  six  borons  B(4),  B(5),  B(6),  B(4'),  B(5‘),  and 
B(6')  each  have  a  terminal  hydrogen,  there  remained  one  hydrogen 
atom  still  to  be  located.  This  was  clear  from  the  mass  spectro¬ 
scopic  evidence  which  dictated  seven  non-methyl  hydrogens,  as  noted 
above,  and  also  from  the  diamagnetism  of  the  molecule,  which  was 
confirmed  by  a  magnetic  susceptibility  measurement  at  4°K.  (If  no 
"extra"  hydrogen  atom  were  present.  III  would  be  an  odd-electron, 
paramagnetic  species  (mw  649);  this  is  clearly  ruled  out).  Although 
the  seventh  hydrogen  was  not  directly  found  in  the  X-ray  study,  its 
approximate  location  was  deduced  from  indirect  evidence.  An 
obvious  possibility  —  a  B-H-B  bridge  between  the  linked  borons 
B<8)  and  B(8')  —  is  eliminated  both  from  the  X-ray  data,  which 
reveals  no  electron  density  attributable  to  a  bridging  atom,  and 
from  the  absence  of  a  B-H^B  ir  absorption  (1500-2300  cm*'1)  in  both  solid- 
state  and  solution  spectra.  However,  the  detailed  structure  of  the  heavy-atom 
framework  yields  an  important  clue. 

The  cobaltacarborane  framework  has  virtual  (not  crystallographic) 
mirror  symmetry  with  respect  to  a  plane  passing  through  the  central 
cobalt  and  bisecting  the  B(8)-B(8')  vector;  the  two  halves  of  the 
molecule  (depicted  by  primed  and  nonprimed  atoms,  respectively,  in 
Figure  U)  are  nearly  identical  as  shown  by  a  comparison  of  corre- 


sponding  bond  distances  and  angles  (Tables  V  and  VI) .  However, 
the  framework  does  not  exhibit  a  mirror  plane  through  the  three 
cobalt  atoms,  and  the  idealized  symmetry  is  Cg  rather  than  C2v,. 

The  molecule  is,  in  fact,  slightly  "folded"  on  an  axis  passing 
through  Co (3)  and  bisecting  the  B(8)-B(8*)  vector  (Figure  6).  This 
can  be  seen  in  several  ways:  (1)  the  planes  defined  by  Co (3)- 
B (8) -Co  (7) -B (5)  and  by  Co ( 3) -B ( 8  * ) -Co (7 ' ) -B (5  * )  exhibit  a  small  but 
significant  dihedral  angle  of  3.5°  (Table  VIII);  (2)  the  C (li¬ 
ed*)  nonbonded  inter-ligand  distance  is  significantly  shorter  than 

o 

C(  2 ) — C  ( 2  * )  [3.270  (5)  vs .  3.370  (5)  A];  (3)  bond  lengths  on  one 

side  of  the  "fold"  [e.g.,  Co(3)-C(l);  Co(3)-C(l');  Co(3)-B(4); 
Co(3)-B(4');  B(4)-B(8);  B(4')-B(8')]  are  consistently  shorter  than 
their  counterparts  on  the  other  side  [e.g.,  Co(3)-C(2);  Co(3)-C(2'); 
Co  (3)  -B  (6 )  ;  Co  ( 3)  -B  (6  ' )  ;  B(6)-B(8);  B(6')-B(8');  (4)  a  similar 

effect  is  seen  in  a  comparison  of  bond  angles,  e.g.,  B(4)-Co(3)- 
B (4 ' )  is  98.4 (2)°  while  B (6) -Co (3) -B (6 ' )  is  103.7(1)°  (Figure  6). 

The  molecular  distortion  can  be  explained  by  the  presence  of 
the  "extra"  hydrogen  in  the  vicinity  of  atoms  Co(3),  B(6),  B(8), 

B  (6 ' ) ,  and  B(8'),  causing  that  side  of  the  molecule  to  open  slightly 
and  producing  the  observed  lengthening  of  the  bonds  directly  in¬ 
volved.  Precedent  for  such  an  effect  is  found  in  the  commo- 
ferracarborane  [2, 3- (CHj) 2C2B4H4 ]FeH2,  where  the  "extra"  hydrogens 
in  the  region  of  the  metal  atom  evidently  force  the  two  carborane 
ligands  to  tilt  toward  each  other  in  such  a  way  that  the  methyl 
groups  on  different  ligands  are  in  close  proximity.*58  Whether, 
in  the  present  case,  the  hydrogen  atom  occupies  a  fixed  location 


-16- 


in  the  Co (3) -B (6 ) -B (8) -B (6 ' ) -B (8 • )  "pocket"  cannot  be  determined; 
more  probably,  it  is  disordered  over  several  positions  in  that 
region  of  the  molecule,  which  would  account  for  the  failure  to 
locate  it  crystallographically . 

Other  bond  distances  and  angles  in  the  molecule  are  within 
normal  ranges  for  metallacarboranes ,  although  comparison  with  other 
structures  is  limited  by  the  fact  that  III  is  the  first  crystallo¬ 
graphically  characterized  metallacarborane  containing  a  "normal" 
8-vertex  closo  cage  (the  only  other  structurally  established  8- 
vertex  metal-boron  polyhedra  are  (n^-C^H^)CoFe (CH^) ^C^BgHg,  a  hyper- 

closo  system,1^  and  the  metal-laboranes  (n )  ^Co^B^H^7  and 
5  18 

(n  -C5H5)4Ni4B4H4  ).  Although  the  framework  carbon-carbon  distance 

11.448(1)  8]  is  comparable  to  nido-carboranes  in  which  localized  C-C 
interaction  is  postulated,  the  present  value  probably  reflects 
primarily  the  intrinsic  geometric  properties  of  the  8-vertex  cage. 

The  coordination  of  the  In^-C^ (CH^) ^ ]Co  moieties  to  B4  faces 
is  unusual  and  has  mechanistic  implications,  discussed  below. 

Spectroscopic  Studies  of  [n^-C,.  (CH^)  ^  ]  ^COj  (CH3)  (III)  in 

Solution.  The  structure  of  III  in  the  solid  state,  described  above, 
is  significantly  different  from  its  geometry  in  solution  as  re¬ 
vealed  by  1;lb  and  1H  FT  NMR  spectra.  The  apparent  symmetry  on  the 
NMR  time  scale  is  C2v'  with  a  single  cage  CH3  environment  and  boron 
nuclei  in  a  4:2:2  pattern  (Figures  1  and  2) j  in  itself,  this  would 
not  necessarily  be  inconsistent  with  the  crystallographic  structure 
since  the  deviation  from  C2v  symmetry  produced  by  the  "wedging" 
hydrogen  might  not  be  readily  detectable  by  NMR  techniques.  More 
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revealing,  however,  is  the  fact  that  both  the  100  MHz  and  the  200 

MHz  ^H  NMR  spectra  clearly  reveal  seven  terminal  BH  resonances  in 

a  4:2:1  ratio.  Assigning  the  area  4  signal  to  H(4),  H(6),  H(4’), 

and  H { 6  * ) ,  and  the  area  2  peak  to  H(5)  and  H(5'),  the  remaining 

resonance  must  arise  from  the  unique  or  "extra"  proton.  Its 

strongly  deshielded  location  (13.12  ppm  downfield  from  TMS)  rules 

out  association  with  a  metal  atom,  which  would  produce  a  substantial 

U-Pfl  eld  shift,  or  a  B-H-B  bridge,  whose  presence  would  normally 

generate  resonances  in  the  0  to  -10  ppm  region;  rather,  this  proton 

must  be  associated  in  solution  with  Bt8)  and  B(8'),  which  lack 

terminal  hydrogens  in  the  solid  state.  This  assignment  is  further 
heteronuciear 

supported  by/ys  ingle-frequency  decoupling  experiments  which  establish 
that  the  low-field  ^H  resonance  and  the  low-field  ^B  signal  arise 
from  the  same  BH  units,  clearly  B(8;-H  and  B • 8 • ) — H .  Moreover,  the 
large  downfield  shift  of  the  B(8),  B(8')  resonances  imply  low- 
coordinate  BH  groups  adjacent  to  cobalt.2^  Ihus,  it  appears  that  in 
solution  the  Bi8j-B(8M  link  la  severed  (Fig,  Tb)  and  the  "extra" 
hydrogen  tautomer izes  between  terminal  positions  on  these  two  borons. 
This  hypothesis  is  strengthened  by  the  observation  that  the  H(8,8') 
resonance  remains  a  broad  singlet  even  in  the  absence  of  ^B- 
decoupling  (Figure  2) ;  this  is  consistent  with  hydrogen  exchange 
between  B(8)  and  B ( 8 ' )  at  a  rate  comparable  to  the  coupling  con¬ 
stant,  effectively  modulating  JBH  (typically  150-180  Hz)  to  a  smaller 
than  normal  value.  In  contrast,  the  remaining  H-B  proton  resonances 
are  visible  only  under  ^B-decouplmg  (Figure  1)  ,  in  the  absence 
of  which  they  are  broad,  unobservable  quartets.  Both  the  ^H  and 
spectra  were  essentially  unchanged  at  -80°C , 
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Assignment  of  the  FT  NMR  peaks  is  straightforward  (Table  I)  . 

The  area  2  peak  at  very  low  field  (  S  92.9  )  can  be  readily 
attributed  to  B(8)  and  B ( 8  * )  which  in  the  absence  of  a  mutual  bond 
occupy  low-coordinate  vertices  adjacent  to  two  cobalt  atoms,  a 
situation  that  has  previously  been  shown  to  produce  extreme  down- 
field  shifts.  ^  The  very  large  linewidths  of  the  ^B  resonances 
(260-290  Hz) ,  which  nearly  obscure  the  scalar  coupling  to  the 
terminal  protons,  are  a  consequence  of  extremely  fast  relaxation  of 
the  nuclei.  A  null-time  study  utilizing  a  180°-t-90°  pulse 

sequence  indicated  a  spin-lattice  relaxation  time  of  ~  1  msec,  the 
downfield  peak  being  the  longest  of  the  three.  (For  quadrupolar 
nuclei  where  T^  =  T 2,  natural  linewidth  =  1/ttT2  =  1/(tt)  ( 0 .001)  =  320 

Hz)  . 

In  summary,  the  NMR  data  for  compound  III  in  THF  solution  are 
consistent  with  a  fluxional  molecule  in  which  one  hydrogen  atom 
rapidly  tautomerizes  between  equivalent  terminal  positions  on  B(8) 
and  B  ( 8 '  )  ,  which  are  probably  not  linked  to  each  other  in  solution  (Fig.  7b). 
Other  hydrogen  atoms  may  conceivably  tautomer ize  also,  but  only  on 
a  time  scale  long  relative  to  that  of  NMR.  In  the  crystal,  the 
"extra"  hydrogen  moves  to  a  wedging  location  in  the  /icinity  of 
the  metal,  thereby  inducing  linkage  between  B(8)  and  B(8')  which 
would  otherwise  be  coordinatively  unsaturated  (Fig.  7a) . 

Mechanism  of  Formation  of  III.  A  peculiarity  of  the  structure 
of  III  is  the  location  of  Co (7)  and  Co  (7')  in  low-coordinate 
vertices  adjacent  only  to  boron  atoms.  The  central  cobalt,  on  the 
other  hand,  is  coordinated  to  faces  on  both  carborane  ligands. 


Since  insertion  of  metals  into  nido-carboran«  nearly  always  occurs 

21 

at  an  open  face  containing  carbon,  a  plausible  sequence  for  the 

formation  of  III  would  involve  initial  complexation  of  cobalt  to 

two  carborane  anions  to  give  a  bis (carborane)  complex  such  as 

22 

[ (CH3) 2C2B^H^ 3 2Co  *  inasmuch  as  that  species  would  have  no  open 
faces,  subsequent  attack  of  tn^-Cg  (CH^) ^ ]Con+  units  could  well 
occur  at  equivalent  B-B  edges  on  the  two  C2B^  ligands.  Indeed,  the 
location  of  the  latter  two  cobalts  at  vertices  7  and  7'  in  III  is 
highly  reasonable  on  steric  grounds,  since  interaction  of  the  bulky 
C,.  (CH^) ^  ligands  with  each  other  and  with  the  CH^  groups  is  thereby 
minimized. 

Elimination  of  hydrogen  to  give  III,  which  has  only  seven 

nonmethyl  hydrogen  atoms,  may  take  place  via  evolution  of  H2  gas 

(an  observed  product  of  the  overall  reaction)  but  the  driving 

force  for  such  a  process  is  not  clear.  One  can  speculate  that 

the  "normal",  but  unobserved,  species  {  [n^-C,.  (CH3) ]Co  (CH^)  2C2B^H^} 

CoH,  which  would  have  terminal  hydrogens  on  all  boron  atoms  (and 

no  intercage  link)  places  H(8)  and  H(8')  so  close  together  that 
« 

thd  thermodynamic  driving  force  for  elimination  of  H2  is  supplied 
by  the  relief  of  H-H  repulsion,  augmented  by  the  energy  released 
in  formation  of  a  B(8)-B(8')  link.  However,  at  present  this  is 
at  best  an  educated  guess. 

Conclusions 

The  major  consequence,  insofar  as  products  are  concerned,  of 
replacing  with  in  the  reaction  with  CoCl2  and 

2, 3- (CH^) 2C2B^H^“  ion  is  the  formation  of  the  structurally  unique 


complex  III,  whose  CgH^”  analogue  is  unknown.  Whether  viewed  in 
terms  of  isolated  or  actual  yield  in  the  reaction,  the  generation 
of  III  is  mechanistically  significant.  The  elimination  of  two 
hydrogen  atoms  from  its  (assumed)  fully  hydrogenated  precursor 
is  an  oxidative  process,  and  results  in  linkage  of  the  two  ligands 
via  a  boron-boron  bond.  A  process  of  this  type  maybe  a  first  step  in 
the  oxidative  ligand  fusion  mechanism  whereby  two  ligands  coordi¬ 
nate  to  a  metal  atom  are  combined  into  a  single  cage  with  expulsion 
of  the  metal.  There  is  no'  evidence  thus  far  that  III  itself  can 
undergo  fusion,  but  it  is  possible  that  linked-cage  species  similar 
to  III  may  be  intermediates  in  the  conversions  of  [ (CH^) 2C2B4H4 ^ 2CoH 
and  (  (CH3)  2c2B4H4]2FeH2  to  (CH-j)  ^BgHg  ,  22~24  of  tn5-C5H5)CoC2B3H6“ 

to  (n5-C5H5)  2Co2c4B6H10,25  and  of  (n5-C5H5) Co (CH3)  to 
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(n  -c5H5> 2c°2  (CH3) If  III  is  in  fact  structurally  analogous 
to  a  typical  intermediate  in  the  oxidative  fusion  sequence,  its  own 
stability  may  be  traceable  to  the  bulky  pentamethylcyclopentadienyl 
ligands,  which  could  block  the  entry  of  an  oxidant  (i.e.,  02)  to  the 
metal  center  and  thereby  prevent  completion  of  the  fusion  process. 

The  possibility  of  electronic  effects  originating  in  the 
groups  also  exists. 

Complex  III  is  the  first  clear  example  of  direct  inter-ligand 
B-B  linkage  in  a  commo-metallaborane  or  -metal lacarborane,  but  the 
species  (n5-C5H5)Fe (CH3) 4C4BgHg  is  closely  related.  In  that  com¬ 
plex,^-6  a  BH  unit  is  wedged  between  two  7-vertex  closo  cages  which 
are  fused  at  a  common  iron  vertex,  such  that  the  unique  BH  caps  a 
triangular  Co-Fe-B  face  on  one  polyhedron  and  interacts  weakly  with 


4 
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the  other.  There  are  also  several  bis (dicarbollyl)  transition 
metal  complexes  in  which  Lhe  two  C2BgH^Q  ligands  are  bridged  by 
HCS2 /  CH gCO 2 '26  or  other^'^7  groups. 

A  fundamental  ques  tion  is  whether  the  observed  stereochemical 
behavior  of  III  is  a  general  phenomenon  that  is  likely  to  be  en¬ 
countered  in  other  commo-metallaboron  complexes  (either  as  isolable 
species  or  as  reaction  intermediates) ,  or  is,  rather,  a  consequence 
of  special  circumstances  associated  with  the  peculiar  electronic 
and  steric  properties  of  the  C^(CHg)g  ligand.  Continuing  studies 
in  this  area  may  help  to  resolve  this  issue; 
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Table  I.  32.1  MHz  nB  FT  NMR  Data.3 


Compound  Chemical  Shift,  ppm*3  Relative  Area 

(J,  Hz)  (assignment) 

I,  rC5(CH3)5]co(CH3)2C2BuHu 

14.9  (146) 

1 

[B (5 )  ] 

5.5  (136) 

3 

[B(4 , 6 , 7  ) ] 

II,  1,7,2,3-[C5(CH3)5]2G°2C 

52.0  (112) 

1 

t  B  C  5 )  3 

(ch3)2c2b3h3 

12.3  (115) 

2 

[B ( 4 , 6  )  ] 

iiic,  [c^(ch3 )^J2co3 ( ch3 _ 

92.9 

1 

(B(8 , 8 ' ) ] 

cUb8h7 

32.3  ( 1 20d ) 

1 

[B(5 , 5 ' ) J 

-7.1  (150d) 

2 

[B(4,4‘  ,6,6')] 

IV,  [c5(ch3)|:o(ch3)2c2b3h5 

10. 5e 

1 

[  B  ( 5  )  3 

4 . 0e 

2 

[  B  ( 4 , 6  )  ] 

(a)  Spectra  obtained  in  CDCl^  solution. 

(b)  BF^ ‘OCC^Hc;)  2  =  0,  positive  shifts  downfield.  (c) 

see  text  for  discussion  of  assignments.  (d)  extremely  broad 
peaks;  estimated  J  given.  (e)  Coupling  to  terminal  and  bridge 
protons  was  obscured  by  peak  overlap. 


-27- 


Table  II. 

100.0  MHz 

^  FT 

NMR  Data3 

Compound 

Chemical  Shift,  6,  ppmd 

Rel  Area 

c5(ch3)5 

ch3 

BH 

I 

1.50 

1.88 

4.33,  3.77 

15,6,1,3 

IIC 

1.60 

2.31 

4.75CH (5)3 ; 

30,6,1,2 

2.77  [H (4 , 6 ) ] 

IIId 

2.01 

2.21 

13. 12 [H (8, 8')]; 

30,12,1,2,4 

5.01  [H (5 ,5  ' ) ] ; 

0.07  [H  (4 , 4  '  ,6,6' 

')] 

IV 

1.59 

1.72 

3.37  tH  (4,6)] ; 

15,6,2,1 ,  1 

2.96  [H  (5  )] ; 

-5*1*9  tHbridge]e 

(a)  C&D&  solution  except  where  otherwise  indicated. 

(b)  Shifts  referenced  to  SiCCH^)^.  (c)  In  CDCl^ 
solution.  (d)  See  text  for  discussion  of  assignments. 

(e)  Doublet  of  doublets;  assigned  to  coupling  of  bridge  to 

H  (4 , 5 , 6  ^terminal ’  JHH  =  2'7,  7,0  Hz' 


Table  III.  IR  absorptions  (cm-1,  KBr  pellets) 

I 

2965m,  2910m,  2870m,  2520s,  1450mbr,  1375s,  1115w, 
1030m,  865m,  800w,  725m,  700m,  620w 

II 

2950m,  2900m,  2860m,  2440s,  I450mbr,  1375s,  1075w, 
1020s,  880w ,  810s 

IIIa 

2950m,  2900m,  2830m,  2400s,  1470m,  1440mbr,  1375s, 
1040m,  1020s,  930s,  910s,  820s,  760s,  720s,  660w 
IV 

2960m,  2910m,  2850m,  2500s,  l870w,  1850m,  I825w, 
1600m,  1520m,  1480m,  1440m,  1375s,  1260w,  1170w, 
1020s,  1000m,  985m,  940s,  880m,  780s,  735m,  705m, 
700m,  690m 

(a)  A  solution  spectrum  in  CHCl^  was  virtually  identic 
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Table  V.  Bond  Distances  (£)  in  [c^(CH-j)^J 2Co3 C CH3 ) ltGLiB8H7 

Unpr  imeda  Primed5 

Co(3  )-C ( 1  )  2.010(3)  2.017(3) 

Co(3)-C(2)  2.035(3)  2.034(3) 

Co(3)-B(4)  2.199(4)  2.198(4) 

Co(3)-B(6)  2.223(2)  2.237(4) 

Co(3)-B(8)  1.939(3)  1.923(3) 

Co ( 7  )-B ( 4  )  2.101(4)  2.111(4) 

Co(7)-B(5)  1.968(4)  1.976(4) 

Co(7)-B(6)  2.119(3)  2.124(4) 

Co(7  )-B(8 )  1.835(3)  1.840(3) 

C ( 1  )-C (2  )  1.453(4)  1.442(5) 

C(1  )-B(4)  1.598(5)  1.600(5) 

C(1)-B(5)  1.738(5)  1.730(6) 

C(1)-C(H1)  1.51K4)  1.525(5) 

C (2  )-B ( 5  )  1.743(5)  1.733(5) 

C(2  )-B(6 )  1.588(4  )  1.607(5) 

C (2 )-C ( M2 )  1.486(4)  1.508(5) 

B(  4  )-B ( 5  )  1.877(6)  1.882(7) 

B(4  )-B(8 )  1.877(5  )  1.882(5) 

B(5)-B(6)  1.867(5)  1.886(6) 

B(6)-B(8)  1.897(5)  1.906(5) 

B(  8  )-B ( 8  ' )  1.758(5) 

Co (7  )-C (PI)  2.043(4)  2.069(4) 

Co(7)-C(P2)  2.032(4)  2.086(4) 

2.019(3)  2.058(3) 


Co(7)-C(P3) 
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Co(7)-C(P4) 

2.056(4  ) 

2.022(4) 

Co(7)-C(P5) 

2.066(4) 

2.058(4) 

<Co(7)-C(P)> 

2.044 

2.059 

C(P1 )-C(P2) 

1.339(7) 

1.346(6) 

C(P2)-C(P3) 

1.500(8) 

1.413(7) 

C(P3)-C(P4) 

1.455(8) 

1.488(7) 

C(P4)-C(P5) 

1.280(6) 

1.424(7) 

C(P5  )-C (PI) 

1.300(6) 

1.335(6) 

<C(P)-C(P)> 

1.375 

1  .  401 

C(P1 )-C(PM1 ) 

1.557(7) 

1.506(7) 

C(P2 )-C (PM2 ) 

1.393(9) 

1  .53b(7) 

C(P3)-C(PM3) 

1.524(7 ) 

1.482(7) 

C(P4)-C(PM4) 

1 .520(7) 

1.505(7) 

C  (P5  )-C (PM5 ) 

1 .565(7) 

1.545(7) 

<C(P)-C(PM)> 

1.512 

1.515 

B(4 )-H (4 ) 

1.115(4) 

1.069(4) 

B(5 )-H (5 ) 

1  .  128(4) 

1  .113(4) 

B(6)-H(6) 

1 . 192(4  ) 

1.238(4) 

<B-H> 

1.145 

1.140 

<C-H>  (cage) 

0.92 

0.98 

<C-H>  (ring) 

0.94 

0.94 

Metal-metal  - 

distances 

Co(3  )-Co(7 ) 

3.340(1 ) 

3.334(1  ) 

Co(7  )-Co(7  ' ) 

5.400(1 ) 

£ 

Reference  is  to  the  atom  labels  designated  with  and  without  primes. 
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Table  VI.  Seleoted  Bor'd  Angles  in  III  (in  d»g.) 


Unprimed 

Primed 

Cage 

Framework 

C(1 )-Co(3)-C (2) 

42.  1  (1  ) 

41.70  ) 

C(1 )-Co(3  )-B(4 ) 

44. 30  ) 

44.4(1) 

CO  )-Co(3)-C(  1  •) 

108.7(1 ) 

C(2)-Co(3)-B(6) 

43.50  ) 

43.90  ) 

C(2)-Co(3)-C(2‘) 

111.80) 

B( 4 )-Co ( 3 )-B ( 8  ) 

53.5(1  ) 

53.9(2) 

B( 4 )-Co ( 3  )-B ( 4  '  ) 

98.4(2) 

B( 6 )-Co ( 3 )-B ( 8  ) 

53.7(1  ) 

53.9(2) 

B( 8 )-Co ( 3 )-B ( 8  '  ) 

54.2(2) 

B( 6 )-Co ( 3 )-B ( 6  '  ) 

103.7(1 ) 

B( 8 )-Co ( 3  )-B ( 8  '  ) 

54.2(2) 

B( 4 )-Co ( 7  )-B ( 5  ) 

54.8(2) 

54.7(2) 

B( 5 )-Co ( 7  )-B ( b  ) 

54.2(2) 

54.6(2) 

B( 6 )-Co ( 7 )-B ( 8  ) 

58.8(1  ) 

56.9(2) 

B(8)-Co(7)-B(4) 

56.5(2) 

56.4(2) 

Co ( 3  )-C  ( 1  )-C  (2  ) 

69.9(2) 

69.8(2) 

Co ( 3 )-C ( 1 )-B ( 4 ) 

74.1(2) 

73.8(2) 

Co(3)-C(l  )-C  ( Ml ) 

129.8(3) 

130.0(3) 

C(2 )-C ( 1  )-B ( 5  ) 

65.5(2) 

65.5(3) 

C(2 )-C ( 1 ) — C (Ml  ) 

123.6(3) 

124.0(3  ) 

B(4)-C(1  )  —  B ( 5  ) 

68.3(2) 

68.7(2) 

B( 4  )-C  ( 1  )-C  (  Ml  ) 

125.4(3) 

124.9(3) 

B(  5 )-C ( 1 ) — C (Ml ) 

126.1(3) 

126.2(3) 

B(  5  )-C  ( 1  )-C  (  M 1  ) 
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Co( 3 )-C (2  )-C ( 1  ) 

68.0(2) 

68.5(2) 

Co  ( 3  )-C  (2  )-B  ( 6  ) 

74.6(2) 

74.8(2) 

Co  ( 3  )-C  ( 2  )-C  (  M2  ) 

131.5(2) 

132.0(2) 

C(1  )-C (2 )-B ( 5  ) 

65.2(2) 

65.3(3) 

C ( 1  )-C  (2  )-C  ( M2 ) 

123.8(3) 

123.7(3) 

B(5 )-C (2 )-B ( 6  ) 

68.0(2) 

68.6(2) 

B(  5  )-C  (2  )-C  (  M2  ) 

125.4(3) 

124.8(3) 

B(  6  )-C  ( 2  )-C  (  M2  ) 

126.0(3  ) 

124.9(3) 

Co (3 )-B ( 4 )-Co( 7  ) 

101 .9(2) 

101.4(2) 

Co ( 3 ) -B ( 4  )-C  (  1  ) 

61.5(2) 

61 .8(2) 

Co ( 3 )-B ( 4 )-B ( d  ) 

56.1(2) 

55.6(1  ) 

Co  (7  )-B  ( 4  )-B ( 5  ) 

59.0(2) 

59.0(2) 

Co  ( 7  )-B  ( 4  )-B  (  8  ) 

54.0(1  ) 

54.5(2) 

C(1 ) -B ( 4 )-B ( 5 ) 

59.4(2) 

58.9(2) 

Co (7 )-B ( 5 )-B ( 4  ) 

66.2(2) 

66.3(2) 

Co (7 )-B ( 5 )-B ( 6  ) 

67.0(2) 

66.7(2) 

C(1 )-B(5)-C(2) 

49.3(2) 

49.2(2) 

C(1 )-B ( 5  )-B ( 4  ) 

52.3(2) 

52.4(2) 

C (2 )-B ( 5 )-B ( b  ) 

52. 1 (2) 

52.5(2) 

Co ( 3 ) -B ( 6  )-Co ( 7  ) 

100.6(1) 

99.7(2) 

Co ( 3 )-B ( 6 )-C ( 2  ) 

61.9(2) 

61 .3(2) 

Co ( 7 )-B ( C  )-B ( 5  ) 

58.8(2) 

58.7(2) 

Co(7 )-B( b )-B ( d ) 

54.1(1) 

54.0(1 ) 

C ( 2 )-B ( 6 )-B ( 5  ) 

60.0(2) 

58.9(2) 

Co ( 3 )-B ( 8  )-Cn ( 7  ) 

124.5(2) 

124.7(2) 

Co (  3 )-B ( 8 )-B ( 4  ) 

('0.4(2) 

70.5(2) 

Co(3)-B(8)-B(b) 


70.  a  (2) 


71.5(2) 
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Co ( 3 )-B ( 8 )-B ( 8 '  ) 

62.5(2) 

Co(7 ) — B ( 8 * ) — B ( 8  ) 

63.4(2) 

Co  (7  )-B  ( 8  )-B  ( 8  '  ) 

172.7(3) 

Co ( 7 )-B ( 8 ' )-B ( 8 ) 

171.8(3) 

C5^CH3^5  li8ancis 

C(P2  )-C (P 1  )-C(P5) 

111.9(5) 

112.7(5) 

C(P2)-C(P1 ) -C ( PM  1  ) 

124.4(7) 

121 .2(6) 

C(P5 )-C(P1 )-C ( PM  1 ) 

123.6(6) 

126.0(5) 

C(P1 )-C(P2)-C(P3) 

105.3(4) 

108.6(4) 

C(P1  )  — C ( P 2  )  — C (PM2 ) 

127.6(1 ) 

127.2(6) 

C(P3)-C(P2)-C(PM2) 

127.2(1  ) 

124.2(0) 

C(P2)-C(P3)-C(P4) 

101.3(3) 

105. 1(4) 

C(P2)-C(P3)-C(PM3) 

129.8(10) 

122.6(8) 

C  ( P4 )-C ( P  3  )-C (PM3) 

128.6(10) 

132.4(8) 

C ( P 3 )-C (P4 )-C (P5  ) 

109.2(5) 

105.3(4) 

C  ( P  3  )-C  (P4  )-C (PM4  ) 

123.8(8) 

123-4(8) 

C(P5  )-C (P4 )-C (PM4  ) 

127.0(8) 

131 .3(8) 

C(P 1  )-C (P5 )-C (P4  ) 

1  1^.  3(5  ) 

108.2(4) 

C  (  P  1  )-C ( P6  )-C l PM5  ) 

128.0(6) 

126.2(6) 

C(P4  )-C (P5  )-C  CPMb  ) 

119.7(7) 

125.4(6) 

<C(P)-C(P)-C(P)> 

108.0 

108.0 

<C(P)-C(P)-C(PM)> 


120.0 


126.0 
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Table  VII.  Selected  Molecular  Planes  in  III 


Atom 

o 

Dev ia  tion ( A ) 

Atom 

D 

Deviation( A) 

Plane 

1  C(P1), 

C(P2),  C(P3),  C ( P4  )  .  C(P5) 

0 . 377b  x  + 

0.4385y  -  0.8156z  +  3.5324 

=  0 

C  CP  1 ) 

-0 . 0023 

C  ( PM  1 ) 

-0.0552 

C<P2) 

-0.0031 

C  ( PM2 ) 

-0.021  1 

C(P3) 

0.0071 

C(PM3) 

-0. 1087 

C(P4  ) 

-0.0095 

C  ( PM4 ) 

0.0023 

C(P5  ) 

0.0078 

C  (PM5 ) 

-0.0338 

co  cn 

1.6774 

Plane 

2  C(P1  ’  ) 

,  C ( P2 ' ) ,  CCP3 ' ) 

,  C(P4  ' ) ,  C(P5  ' ) 

0.372 Ox  - 

0.8150y  -  0.4442z  +  6.9330 

=  0 

C  ( P  J  ’  ) 

0.0047 

C ( PM  1  ' ) 

-0.0261 

C(P2  '  ) 

-0 . 0022 

C ( PM2 ' ) 

-0.0501 

C(P j  •  ) 

-0.0009 

C (PM3 ' ) 

-0.0240 

C(P4') 

0.0034 

C (PM4  '  ) 

-0.0553 

C  ( P5  '  ) 

-0 . 0050 

C (PM5 ' ) 

-0.1141 

Co (7  ’  ) 

1 . 6868 

Plane 

3  C( 1  )  . 

C  (  2  )  ,  B(  4  )  ,  B C  6  ) 

-0 . 0352  x 

+  0 . 9537y  -  0.2957z  +  0.7427 

=  0 

C  ( 1  ) 

0.0005 

Co  ( 3 ) 

1 .6908 

C  ( 2  ) 

-0.0005 

C  ( Ml  ) 

-0. 1981 

B  ( A  ) 

-0.0003 

C  ( M2 ) 

-0.2120 

B(b  ) 


0. UUU 3 


-13- 


Plane  4  C(l'),  C (2  ' )  ,  B ( 4  ' )  ,  B(6  * ) 

0.0354x  +  0.9496y  -  0.3115z  -  2.?426  =  0 

C(l')  0.0052  Co ( 3 )  -1.6880 

C ( 2 ' )  -0.0052  C(MI')  0.1828 

B ( 4 ' )  -0.0030  C ( M2 ' )  0.2140 

B ( 6 ' )  0.0030 

Plane  5  Co(3),  Co(7),  B(5),  B(8) 

-0.8280X  -  0.2063y  -  0.5214z  +  3.1074  =  0 

Co ( 3 )  -0.0030  B (5 )  0.0024 

Co(7  )  -0.0042  B ( 8 )  0.0048 

Plane  6  Co(3),  Co(7'),  B(5'),  5(8') 

-0.8307X  -  0 . 1 468y  -  0.5371z  +  3.0402  =  0 

Co(3 )  -0.0027  B (5 '  )  0.0022 

Co (7  '  )  -O.OU36  B ( 8  '  )  0.0043 

Planes  Angle(deg)  ? lanes  Angle(deg) 


1,2 

81.64 

4  .  o 

90.09 

3,4 

5.28 

5.6 

3.53 

3,5 

89.82 

Figure  1 

Figure  2 

Figure  3 


Figure  4 
Figure  5 
Figure  6 


Figure  7 


Figure  Captions 

6h -MHz  1;LB  FT  NMR  spectra  of  l  n 5-Cc  (CH , )  c  KCo ,  (CH, )  .C  „B0H_ 

5  3523  34487 

(III)  in  (CD3)2CO*  A, proton-coupled;  B,  proton-decoupled. 

Width  of  spectra  is  approximately  9300  Hz. 

100-MHz  FT  NMR  spectra  of  III  in  C^D^,  with  chemical 
shift  scale  in  ppm  vs.  TMS  =»  0.  Peak  at  <£  7 . 2  is  C,DrH. 

D  D 

A,  ^B-coupled;  B,  ‘'‘^B-decoupled.  The  203  MHz  ^H  spectra 
are  similar. 

Stereoview  of  the  molecular  geometry  of  III  with  hydrogen 
atoms  omitted.  Cage  atoms  are  shown  as  50%  thermal 
ellipsoids,  but  C^lCH^),.  carbon  atoms,  which  exhibit  large 
thermal  librations,  are  drawn  as  spheres  of  arbitrary  radius. 
A  terminal  hydrogen  atom  is  attached  to  each  boron  atom 
except  B (8 i  and  B(8'). 

Numbering  system  in  Ill. 

Unit  cell  packing  in  Ill, 

Schematic  diagram  showing  the  molecular  "fold"  distortion, 
viewed  down  an  axis  passing  through  Co  (3)  and  the  mid¬ 
point  of  the  B(8)-B(8')  link.  The  angle  9  between  the 
Co  (3) -Co  (7)  vector  (solid  line)  and  the  extension  of  the 
Co  (3) -Co  ( 7 ' )  vector  (dotted  line)  is  3.5°. 

Sites  for  location  of  the  unique  hydrogen  atom  in  III. 


(a)  Hydrogen  in  the  vicinity  of  Co(3),  with  a  direct 
bond  between  B(8)  and  B(8')  (solid-state  structure); 

(b)  Tautomeric  exchange  between  terminal  positions  on 


non-linked  B(8)  and  B(8')  (solution  structure); 

(c)  Three-center  B-H-B  Inter-cage  bridge.  This 
feature  is  apparently  excluded  in  both  solid  state  and 
solution  as  a  static  arrangement  (see  text) ;  however, 
such  a  bridge  may  exist  in  solution  as  a  transient 
during  the  tautomeric  exchange  shown  in  (b) .  Moreover, 
the  "terminal"  sites  in  (b)  may  in  fact  be  quasi¬ 
bridging,  with  the  hydrogen  alternating  between  two 
energy  minima  in  the  vicinity  of  B(8)  and  B(8'). 
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